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Freezeup Dynamics of a Frazil Ice Screen

KATHLEEN D. AXELSON

INTRODUCTION To predict the scour potential. the freezeup and block-
ing mechanisms of the wire mesh screens and the result-

In many northern rivers, frazil ice blocks water in- ing velocities must be characterized. This report de-
takes and forms ice jams that are a hazard to winter scribes experiren: ' t qualitto i'.'cy
navigation and often result in flooding. To study ways to the freezeup of a fence boom made of expanded metal
control frazil ice, we generally address the formation or screen and to measure the velocity profiles associated
transport of frazil ice. Large heat losses from the water with various stages of freezeup. In one set of experi-
surface are required to produce frazil ice. Because an ice ments, we examined freezeup by artificially blocking an
cover insulates, thus reducing heat loss, formation is expanded metal screen. In the second set of experiments,
suppressed when river reaches where frazil ice is pro- we examined the behavior of an expanded metal screen
duced become ice covered. Also, the amount of frazil that was partially and completely blocked by frazil ice.
transported may be reduced by accumulation at the Four stages of frazil blockage were identified in the
upstream edge of the ice cover or as deposits beneath the experiments. In the first stage the screen is progressively
ice cover. blocked by frazil ice from the top downwards, and

Fence booms made of wire mesh screen, which incor- velocity jets form downstream from the structure. In this
porate frazil ice when it freezes to the screens, have been stage the flow is similar to orifice flow. The second phase
proposed as economical, temporary control structures to is the transition stage, in which blocking progresses ai,d
raise the water level at a specific location. This will flow is a combination of orifice flow beneath the frazil
promote the formation of an ice cover (Fig. 1), thus deposit and flow through the porous frazil deposit. The
decreasing both frazil iceproduction in the vicinity of the third stage, the permeable flow stage, occurs when the
structure and transport from upstream reaches (Perham screen is completely blocked and flow through the
1986, Foltyn 1986, Zufelt 1987). However, every time a porous frazil deposit dominates. The fourth phase, that
fence boom has been used, bed scour beneath the struc- of weir flow over the screen, occurs as the frazil ice
ture has been observed, which reduces the effectiveness solidifies. The results should be helpful in locating sites
of the structure as a control, where screen-type fence booms would be effective and

in estimating scour protection needs.

EXPERIMENTAL METHODS

I Anchor The first set of experiments were conducted in an
unrefrigerated hydraulic flume, which is described in

Elevation detail by Calkins (1974). The frazil screen, made of
commercially available expanded metal, covered the

L_ Fence Boom full depth (0.9 m) and width (0.9 m) of the flume at the
WalerSurface midpoint. The large dimension of the screen's diamond-

shaped openings measured 5.8 cm and the short dimen-
Flow-" i sion was 2.3 cm. Plywood sheets, 1.14 cm thick, were

0_ used to block the expanded metal screen. Tests were run
.. with the metal screen blocked from the top at 10, 25,50

Cross-sectional Mew and 75% of its depth; top blocking has been observed in

the field. Velocity profiles were measured at the center-
Figure 1. Schematic offence boom. The cross-sectional line of the flume using a Marsh-McBimey magnetic cur-
view shows thefence boom once afrazil ice dam has been rent meter at 61,30.5 and 15.2 cm upstream from the ex-
established. panded metal scrcen and 15.2, 30.5, 61 and 91.5 cm
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Figure 2. Experimental setup for partial impermeable blocking of expanded metal
screen.

Table 1. Flume experiments

Air Length
Test Screen Flow Screen temperature of test Reason
nto. height (at3/s placement (rC) Seeder (rain) ended

WO None 0.07 None 20 - Uniform flow achieved
WS Full 0.07 - 20 - Uniform flow achieved
WS10 Full 0.07 - 20 - Uniform flow achieved

10% blocked
WS25 Fuli 0.07 - 20 - Uniform flow achieved

25% blocked
WS50 Full 0.07 - 20 - Uniform flow achieved

50% blocked
WS75 Full 0.07 - 20 - Uniform flow achieved

75% blocked
RFI Full 0.019 Before supercooling -15 X 57 Structure failure

RF2 Full 0.019 After supercooling -15 X 70 Equipment maintenance

RF3 Full 0.019 After supercooling -15 X 65 Head > 20cm

RF4 Full 0.019 After supercooling -15 X 64 Structure failure

RF5 Full 0.019 After supercooling -15 X 50 Structure failure

RF6 Full 0.019 After supercooling -15 108 Head > 20 cm. stable ice sheet

RF7 Full 0.013 After supercooling -15 X 132 Head > 20 cm. stable ice sheet

RF8 Full 0.013 After supercooling -t0 X 196 Head > 20 cm. stable ice sheet

RF9 Full 0.013 After supercooling -17 X 226 Head > 20 cm, stable ice sheet

RWI 15 cm 0.019 After supercooling -15 X 70 Head > 20 cm

RW2 15cm 0.019 Before supercooling -15 170 Head > 20cm

RW3 15 cm 0.013 After supercooling -I5 X 217 Head > 20 cm. stable ice sheet

downstream (Fig. 2). The upstream water depth at the scribed in detail by Daly et al. (1985), is 36 m long, 1.2
start of the test was about 31 cm and the average m wide and 0.6 m deep. For all the tests, the slope of the
upstream velocity was about 22 cm/s. flume was adjusted to 0.00528 m/r. flow rate was either

The second setof laboratory experiments was carried 0.01 or 0.02 m3/s, and the room air temperature was
out in the CRREL refrigerated hydraulic flume facility, about-I 5°C. The initial depthof water in the flume prior
using frazil ice produced in the flume. The flume, de- to placement ofthe test structure was about 12.4cm.The
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test material consisted of a commercially available throughout the measuring periods. Water temperature
expanded metal screen with diamond-shaped openings and headwater and tailwater elevations were recorded at
that were 3.8 cm wide and 2 cm high. The screen was approximately 5-minute intervals. Ice growthon the test
placed at the midpoint of the flume. For nine tests, a full- structure was monitored by an overhead color video
depth screen was used, and for three tests, a 15-cm-high camera and an underwater color video camera that was
screen was used. located at the centerline of the flume about 1.5 m

Water temperatures were measured using individu- upstream from the test structure. Tests were terminated
ally ,alibrated glass bead thermistors attached to a 10- in three cases after the test structure moved. The other
channel digital thermometer recorder (Trachier 1987), tests were terminated after a head difference across the
which applies the Steinhart-Hart equation to the resis- screen greater than 20 cm was achieved. One test w-as
tance of the thermistor. This system has an accuracy of halted prematurely for equipment maintenance. The ex-
±0.O0 C. Water temperatures werealso measured using periments arc summarized in Table 1.
a single glass bead thermistor connected to a Fluke Frazil ice crystals and flocs were observed through-
8060A digital multimeter, with an accuracy of± 0.02'C out the water column during the entirety of each test. Of
around the freezing point of water. the four major factors in frazil ice production-seeding

Velocity profiles were measured about 20 cm down- rate per unit volume, heat loss rate, turbulent energy
stream from the structure at the approximate centerline dissipation rate and the number of crys.al% produced per
of the flume with a Marsh-McBimey current meter and unit of collision energy (Mercier 198 4)--oLii. the frst
recorded by the satellite data acquisition system (Zabi- three can be controlled to any degree during the experi-
lansky 1988). During two tests, we also measured veloc- ment. The heat loss rate is controlled largely by room
ity profiles at the center of the flume about 70 cm temperature, andtheturbulentenergydissipationrateby
upstream from the structure by directly reading a Marsh- the slope, roughness and discharge through the flume, all
McBimey current meter. of which were reasonably constant during these experi-

For each test run, the ro,)m was cooled to -15°C and ments. The background seeding rate provided by the
water temperatures were monitored. For two tests, the room refrigeration system can be increased by using a
expanded metal screen test structure was placed in the seeder. which sprayed a fine mist into the air above the
flume prior tocoolingofthe room. For theother tests, the flume head box. This mist would freeze and greatly in-
structure was placed in the flume after supercooling of crease the number of seed crystals available. The seeder
the water was measured. Supercooling was observed was used in all but two tests.
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Figure 3. Velocity profiles measured at the centerline of the flume downstream nfom an
expanded metal screen with varying degrees of partial impermeable blocking.
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a. Early stage.

b. Late stage.

Figure 4. Two stages oj'frail blockage of expanded metal screen.
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RESULTS the water column (Fig. 4). A large portion of the growth
of the frazil ice mass occurred when frazil floes trans-

Frazil blockage simulated ported at the water surface were deposited at the edge of
by use of an impermeable barrier the ice cover, where we observed underturning and

The first set of tests simulated partial impermeable shoving of the flocs. An ice sheet up to 20 m long was
blocking of the test structure. For the different blocking formed upstream from both the full-height screen and
schemes, the velocity profiles at the centerline of the the weir-height screen. Frazil continued to deposit and
flume at various distances downstream from the test grow until the screen was fully blocked (Fig. 5). The
structure are shown in Figure 3. There is a dramatic in- underwater videocamera recordedcomplete blockingof
crease (five-fold) in the velocity near the channel bed as the structures in all tests.
the expanded metal was progressively blocked from the A series of downstream velocity profiles and the
surface downwards. The formation of regions of high maximum downstream velocities measured at the cen-
velocity under these conditions seems likely. The maxi- terline ofthe flume are shown fortest RF6 (Fig. 6). In this
mum measured velocities were located at a distance test, theflowwasconcentratedthroughthelowerportion
downstream approximately equal to the upstream water of the structure as the upper portion of the test structure
level. All flow through the blocked structure was pres- became blocked with frazil. Eventually, a region of high
,sure (orifice) flow except in the test where 75% of the velocity (a jet) formed through the lower, unblocked
screen was blocked; here, weir flow over the plywood portion of the structure; this was similar to what hap-
was noted. pened in the first set of tests. In other tests with frazil ice,

freezeup and blocking of the test structure occurred so
Frazil blockage rapidly that a jet had formed before the first profile was

The second set of tests illustra'es the partial and measured. Typically, the maximum velocity of the jet
complete blocking of an expanded metal screen by frazil was more than three times the maximum velocity of the
ice, which may be considered a porous medium (accord- profile obtained shortly after placement of the test struc-
ing to Ashton [19831, the porosity of frazil deposited ture.
beneath an ice cover typically ranges from 0.4 to 0.7). During the later part of the frazil ice dam formation,
For all tests, we noted adherence of frazil ice to the the maximum velocity decreased. Flow through the
structure just after we first observed supercooling of the entire height of the frazil ice dam was visible. Weir flow
water. Freezeup and blocking of the structure occurred was noted at times, as were areas of concentrated flow
by frazil ice adhesion, crystal growth and deposition. through the structure, perhaps attributable to piping
Deposition, the primary mechanism of blocking, pro- through the porous mass. In some tests, the downstream
ceeded from the water surface downwards. Frazil par- velocity profile returned to a shape near its initial profile
ticles adhered to the metal over the full depth of the by the end of the test. The profiles at the longest time in-
screen. This coating of ice increased by thermal ice dicate that flow may be a combination of flow over and
growth and by accretion of frazil particles suspended in through the porous frazil ice dam.

!Screen I_________I___

yInitial Water Level. _______ ______ ______ ____________

dcFlowI I I

a b c

d ef

Figure 5. Freezeup proc' ss of afull-height screen. Water swtface elevations exaggerated.
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Figure 6. Velocities measured at the centerline of theflume in test RF6.

DISCUSSION the water surface downwards, similar to the process pre-
viously modeled using the impermeable barriers. We

The partial impermeable blocking of the frazil ice observed the same type of flow regime. characterized by
screen resulted in an increase in maximum downstream an increase in maximum downstream velocity with time.
velocity with increasing blockage. This is to be expected Unlike the earlier tests, however, the blockage created
in an orifice flow regime, where velocity v is related to by actual frazil ice was a permeable barrier of irregular
the difference between upstream and downstream water shape that changed with time. Piping through the porous
surface elevations Ah mass was evident, resulting in the formation of velocity

jets. As a result, the velocity profiles measured at the
v = C -2gAh centerline of the flume may not be considered represen-

tative of the entire width of the flume. Large variations
where C is the discharge coefficient, usually about 0.6, in the velocity across the flume at a given depth were
and g is the acceleration due to gravity. It was not clear observed in a similar series of tests on various types of
from these tests whether the velocities in the lower, trash racks,* an example of which is shown in Figure 7.
unblocked portion of a prototype structure would be high The profiles obtained may be used, in a qualitative sense
enough to prevent complete blocking by frazil ice. If this only, to indicate the general flow trend. The initial flow
were so, the regiou or increased velocity near the stream- regime observed can be analyzed as one of orifice flow,
bed would he expected to occur throughout the period of
partial blocking, which could be several months.

The initial blocking of the test structure by frazil ice *Personal communication with A. Andersson, LuieA Univer-
resulted in freezeup, and the blockage proceeded from sity, Lule. Sweden, 1988.

"I I

2 0 /1 , I

, ',,  Figure 7. Velocity profiles at mid-depth
S - across theflume about 20 cm downstream

[~~~ ~~~~~ __a L _ rom a test structure ofO.95-cm bars spaced
5 0 5 20 25 2.54 cm apart (from unpublished data of

0,slonce I(c. Andersson).
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where velocity is proportional to h-. Analysis of the V '1111-1
early portions of the tests showed that maximum veloc- Ah
ity is proportional to Wr1. where x varies from 0. 16 to OnV-L h. 77

0.55. Again, the irregularity ofthe frazil ice mass and the h-" 1
piping, combined with measured velocity profiles at
only the centerline, make quantitative analysis difficult. Orifice Flow Stage

The orifice flow stage is followed by the transition _ __._

stage. which includes both orifice-type flow and flow h

through the porous frazil ice deposit. When the screen T

became completely blocked by frazil ice. flow through h

the porous ice mass was predominant. Flow during this 77
stage may also be a combination of piping through the Permeable Flow Stage
frazil ice dam as well as permeable flow. Permeable flow
may be described by Darcy's Law T

where K is the hydraulic conductivity of the porous Weir Flow Stage

medium and f is the length of the flow path. Little is z,
known about the hydraulic conductivity or the effects of Orifice

piping on discharge through frazil ice deposits. How-
ever. analysis of the later test stages indicated that a S
linear relationship between v and Ah was achieved in
some cases, indicating that laminar permeable flow may
indeed occur.

Weir flow over a solidified frazil ice dam has been E ".
observed in the field and is expected in the tertiary phase M_
of freezeup. The upstream ice cover that developed in all Time

tests using frazil ice was a combination of shore ice Figure 8. Stages offlow durin, locking of a
growth from the sides of the flume and hydraulic thick- F ' f
ening of the ice cover that initiated at the screen. Ice iail Ic ' scen. or,..ifi cerehh flow. haratees a

booms placed upstream from dams form the same type partiallv blocked and permeable flow, a

of ice cover that we observed in the flume, but there is conphtely blocked sc e'n.

gyererallv onen water between the dam and the boom,
allowing weir flow over the dam. Some weir flow was The higher seeding rate obtained using the seeder led to
seen during the tests, but the frazil ice dam did not a more rapid freezeup of the test structure. The three
solidify to any degree. The lack of a boom and the mechanisms of freezeup observed were frazil ice adhe-
presence of the ice cover at the structure hindered weir sion to both the structure and to accumulated frazil ice,
flow over the porous ice dam, perhaps prolonging the thermal icc growth and mcchanizc:', t!,,cking. Mechani-
period of permeable flow. Discharge in a weir flow cal blocking of the screen by entrained flocs and under-
regime is proportional to hH3/2 where H is the water tumingicewasthemajorprocesscontributingtofreezeup
surface elevation above the top of the weir and b is the during the tests. As was observed in the experiments,
width of the weir. The weir flow observed in these tests active frazil adheres quickly to toreign objects in the
was accompanied by sufficient discharge through the water and grows rapidly (Michel et al. 1984. Perham
frazil ice dam that this relationship would be difficult to 1981). Passive frazil reportedly has less tendency to
ascertain, adhere to objects, so that frazil ice accretion and adhe-

The data obtained and the observations made during sion may play less important roles in the blocking
the tests show that frazil ice accumulation is a very processinareasofpassivefrazil.Furtherworkshouldbe
complex process. This complexity precluded quantita- done using passive frazil so that we can identify differ-
tive analysis. The blocking stages described above. ences in blocking rates. A screen that blocked rapidly
which were determined qualitatively, are shown in Fig- had a shorter period of increased downstream velocity
ure 8. than one in which blocking occurred slowly. Since bed

The rate of progression of freezeup in the second set scour can take place during the time of increased veloc-
of tests that used frazil ice was seen to be a function of ityarapidly blockedscreen shouldcause less scourthan
seeding rate for the given cooling rate and turbulence. a screen that blocks slowly or incompletely
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